How does the brain work? This is a question that scientists have been interested in for hundreds of years. In order to figure out how the brain works, scientists have had to do lots of experiments and figure out ways to examine and test the brain. In 2005, a new technique was created, called optogenetics. This technique uses a combination of light and genetic engineering (changing the genetic information of a living thing by inserting or deleting information in the genetic code) to control the cells of the brain. Optogenetics has become very popular and is now being used in brain research laboratories all over the world. It is helping us to discover many new things about the brain. Here, we explain what makes optogenetics so special for studying the brain.
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Special cells in the brain and nervous system, called neurons, work together to produce all of our thoughts and behaviors. In order to understand how the brain controls behavior, we need to understand how neurons communicate. The human brain is very complex, but many of the properties of the human brain are similar to those of other animals. This means that neuroscientists (scientists who study the brain and nervous system) can use simple animals to discover new things about the human brain. This was how communication between neurons was discovered.
HOW DO NEURONS COMMUNICATE WITH EACH OTHER?
Neurons communicate using a combination of electrical and chemical activity. Early scientists discovered this through observations and clever experiments. In the late 1700s, an Italian scientist named Luigi Galvani was walking through a market during a lightning storm. He saw some frog legs for sale and noticed that they were twitching. He hypothesized that the electricity of the storm was activating the nerves in the frog legs. He decided to test this hypothesis in his laboratory. Galvani used an object that allows electrical current to flow, called an electrode, to pass an electrical current on to the frog nerve. This caused the frog leg to twitch. This was the first electrical stimulation study in neuroscience [1] . From this finding, Galvani concluded that neurons could use electrical signals to pass information. This is important to know! Now that we know how neurons talk to each other, we can start to speak their language. We can use electrical signals to turn some neurons on, and see what happens next. This is exactly what scientists started to do.
It wasn't until the 1930s that electrical stimulation was used to map the human brain. Dr. Wilder Penfield, a brain surgeon, was working with patients who had epilepsy. Epilepsy causes abnormal electrical signals in the brain and can be very dangerous. In extreme cases, brain surgery is required to stop the epilepsy. Dr. Penfield wanted to map the brains of his patients to find out which parts of the brain were most important. This would help him to know which brain areas he should not operate on. To map the brain, he used electrical stimulation, just as Galvani had. He lowered a small electrode into the motor (movement) areas of the brain. Then, he sent a small electrical signal and observed the patient's movements. Stimulation in one area of the brain caused a finger twitch, while stimulation in a slightly different area of the brain caused a foot twitch. This led Dr. Penfield to realize that certain areas of the brain control very specific areas of the body. Dr. Penfield noticed that the location of the motor areas of the brain was similar in all of his patients. He created diagrams of his results, which gave us the first functional map of the motor areas in the human brain [2] . Dr. Penfield's functional maps, known as the homunculus, are still used today.
Since the 1930s, brain stimulation experiments have changed. Electrical stimulation studies have some drawbacks. One problem is that the brain might be damaged when an electrode is inserted. Another problem is that electrical stimulation activates tissue in a very general, non-selective way ( Figure 1A ).
ELECTRICAL STIMULATION STUDY
A technique for activating neurons or neural pathways by inserting a small electrode and sending an electrical current in to the tissue. This causes changes in the electrical activity of the tissue.
NEUROSCIENCE
A branch of science that studies the brain and nervous system.
It is like using a bulldozer when a shovel will do-the bulldozer is effective, but it is not very precise or careful. In 2005, a new technique was created to allow for more precise brain stimulation. This technique is called optogenetics.
WHAT IS OPTOGENETICS?
Optogenetics is a method for controlling a neuron's activity using light and genetic engineering. Genetic engineering is a process where scientists change the information in the genetic code (the blueprints) of a living thing. In optogenetic studies, scientists take the genetic code of the neurons they want to study and add a new piece of code to it. The new code allows these neurons to make special proteins, called opsins, which respond to light. Opsins occur naturally and were first discovered in algae, which use these proteins to help them move toward light. But how does the opsin get into the neuron? This requires some specialized laboratory techniques. Let's look at a mouse as our example. To get the opsin into the neurons of a mouse, the genetic code for the opsin must be carefully inserted into the genetic code for the neurons in the mouse. If this is done correctly, now every neuron in the mouse should have the opsin. Because we understand a lot about the genetic code of the mouse, we can choose where to put the opsin. We can insert the code into a specific type of neuron, or into a specific location in the brain. We can choose exactly which neurons we want to control.
In neuroscience, the most popular opsin is called channelrhodopsin-2 (ChR2). This opsin comes from the green algae Chlamydomonas reinhardtii [3] . ChR2 is activated by blue light, meaning that it only works when blue light shines on it and it doesn't respond to other types of light. When ChR2 is inserted into neurons, it means that the neurons can be turned on with blue light. The neurons with ChR2 will only be on for as long as the blue light is shining on them [4] . This gives us precise control over the timing of the neuron's activity. Normally, neurons are not affected by blue light (Figure 1B) , so only the neurons that have ChR2 will be affected by blue light ( Figure 1C ).
OPTOGENETICS
A technique that uses a combination of light and genetic engineering to control the activity of a cell.
GENETIC ENGINEERING
The process of changing the information in the genetic code (the blueprints) of a living thing by adding or deleting information. Genetic engineering is sometimes called genetic modification.
OPSINS
Proteins that respond to a specific type of light (for example, ChR2 only responds to blue light). In neuroscience, these proteins are used to control neuron activity.
CHANNELRHOD -OPSIN-2 (CHR2)
An opsin that responds specifically to blue light. When ChR2 is inserted into neurons, blue light can be used to turn those neurons on. ChR2 is currently the most popular opsin for optogenetic studies. 
FIGURE 1
A. In an electrical stimulation study, all cells close to the stimulation site will be activated. B. Blue light does not normally affect neurons. C. Blue light will selectively activate neurons with channelrhodopsin-2 (ChR2).
OPTOGENETIC STIMULATION IS MORE SPECIFIC THAN ELECTRICAL STIMULATION
Just like there are many roads in a city, there are many pathways in the brain. If we want to know how Point A connects to Point B in a city, we can simply look at all the roads and draw a road map. This is a type of structural map: it helps us to understand how the roads are set up. But, there are usually many ways to get from Point A to Point B, so how do we know which way is the most popular? To figure this out, we need to look at the cars driving on the roads as they go from Point A to Point B. This is a functional map: it helps us to understand how the roads are being used. In the brain, neurons are like the roads, and the signals that travel from neuron to neuron are like the cars. Normally, the brain is very active and there are lots of cars on the roads at all times. All over the brain map, cars are starting and stopping their journeys at different times. Because, there is so much activity, we cannot see any patterns or understand how things are related. To figure out the patterns, it would be useful to be able to control when and where the cars begin their journey.
Imagine that there are cars in every driveway in our city. These cars are waiting for a signal to go out on the roads (Figure 2A) . In an electrical stimulation study, we can control when the cars start traveling, but we don't have a lot of control over which cars will go out on the roads. With electrical stimulation, the stimulation is general. All cars close to the stimulation will be sent on the road. This means there is a lot of activity to follow ( Figure 2B) . In an optogenetic stimulation study, we can choose exactly which cars we want to go out on the road and when. We can choose a group of cars by location (for example, we could choose to have all the cars in one neighborhood go out on the roads), or we can choose by type of car (for example, we could choose to have only trucks go out on the roads) ( Figure 2C ). This is selective stimulation. The movement of the cars is a lot easier to follow in this case. It tells us more about how specific cars operate on the roads.
HOW IS OPTOGENETICS USED TO MAP THE BRAIN?
Optogeneics can be used in several different ways for mapping the mouse brain (reviewed in Ref. [5] ).
Just like we can zoom out on a road map of a city to see the major highways ( Figure 3A ), or zoom in on the map to see a single city block ( Figure 3B ), we can also zoom in or out on the brain. We can zoom out from the brain to see how large areas of the brain connect and work together ( Figure 3C ). This bigpicture view is good if we are interested in the way information travels over long distances in the brain, or which areas of the brain are connected to each other. For example, big cities tend to have more roads and highways passing through them, because lots of people travel to and from these cities. Using optogenetics to stimulate one brain area and record the responses in other brain areas, we can figure out which areas of the brain have the most traffic. This is important for understanding how certain behaviors are produced, but also might be important for understanding what happens if the brain is damaged in a particular area (for example, if there is an accident on fourth street, how will the traffic reroute?).
We can also zoom in on the brain to see how individual neurons connect ( Figure 3D ). Using optogenetics, we can investigate how the neurons work together, by using light to turn some neurons on and record the response of 
FIGURE 3
A. Just like you can look at a whole city map, B. or zoom in on an individual road, you can also look at the connections in the whole brain C., or zoom in on a specific group of cells D.
the other neurons. This detailed view is useful for understanding how and when the neurons communicate with each other. This could be very useful for investigating diseases that disrupt communication between neurons in a particular area, which is what happens when someone has a stroke (read more about this in the next section).
Optogenetic mapping creates many possibilities for investigating how the brain works. As optogenetic techniques improve and more opsins are created or discovered, there is the possibility for even more control in brain stimulation studies. Maybe we will be able to use multiple opsins to control several different types of neurons at the same time. Because each opsin responds to a specific type of light, we could use different light to control different types of neurons. In fact, some opsins act to turn neurons off when the right type of light is present.
In our example of mapping cars in the city, we could use multiple signals to control the movement of the cars. We could have one set of cars go out on the road when we give one signal (say, blue light) and another set of cars go out on the road when we give a different signal (say, a red light). Using this setup, we could start experimenting with these two sets of cars: what happens if the red light cars go first? What happens if the blue light cars go first? What happens if they go at the same time? This would help us to understand how these different sets of cars interact with each other.
So how does a scientist choose which technique or which opsin to use? The answer will depend on the question the scientist wants to explore. The next section will highlight some of the questions that have been investigated using optogenetics.
RECENT DISCOVERIES USING OPTOGENETICS
Brain scientists began using optogenetics in 2005 [3] . Since then, optogenetic methods have been used to study the brain from many different points of view-from the communication of a cluster of individual neurons, to the interactions between large brain regions (reviewed in Ref. [5] ). Many other studies have used optogenetic methods to investigate different topics and questions. Some recent questions are: where is fear in the brain? How is risk and reward calculated? How are memories stored? (reviewed in Ref. [6] ). We used optogenetics in mice to investigate how the brain changes after a stroke [7] . A stroke happens when the blood supply to an area of the brain is disrupted or reduced. This is dangerous because the blood supply carries oxygen and other important nutrients that the brain needs to survive. If any area of the brain goes for too long without oxygen, the neurons in that area will eventually die. This causes problems for that particular area of the brain and for any other brain areas that are connected to it. In our study, we wanted to investigate how a small stroke to one area of the brain affected many other areas of the STROKE Normally, blood carries oxygen and other important nutrients to the brain. When the blood supply is disrupted or reduced, the brain doesn't get the things that it needs to function properly. This is called a stroke, and this can cause lasting problems and dysfunction.
